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ABSTRACT: Inhibition of γ-secretase cleavage of the amyloid precursor protein (APP) is a prime target for the
development of therapeutics for treating Alzheimer’s disease; however, complete inhibition of this activity
would also impair the processing of many other proteins, including the APP homologues, amyloid precursor-
like protein (APLP) 1 and 2. To prevent unwanted side effects, therapeutically useful γ-secretase inhibitors
should specifically target APP processing while sparing cleavage of other γ-substrates. Thus, since APLP1 and
APLP2 are more similar to APP than any of the other known γ-secretase substrates and have important
physiological roles in their own right, we reasoned that comparison of the effect of γ-secretase inhibitors on
APLP processing should provide a sensitive indicator of the selectivity of putative inhibitors. To address this
issue, we have optimized microsome and cell culture assays to monitor the γ-secretase proteolysis of APP and
APLPs. Production of the γ-secretase-generated intracellular domain (ICD) occurs more rapidly from
APLP1 than from either APLP2 or APP, suggesting that APLP1 is a better γ-substrate and that substrate
recognition is not restricted to the highly conserved amino acid sequences surrounding the ε-site. As expected,
the well-characterized γ-secretase modulator, fenofibrate, did not inhibit ICD release, whereas a related
compound, FT-9, inhibited γ-secretase both in microsomes and in whole cells. Importantly, FT-9 displayed a
preferential effect, inhibiting cleavage of APP much more effectively than cleavage of APLP1. These findings
suggest that selective inhibitors can be developed and that screening of compounds against APP and APLPs
should assist in this process.

The molecular pathways leading to dementia of the Alzheimer
type are not well understood, but substantial data indicate that
the amyloid β-protein (Aβ)1 plays a central role in Alzheimer’s
disease (AD) pathogenesis (1). Aβ is produced by proteolytic
processing of the amyloid precursor protein (APP) by the action
of two aspartyl proteases, termed β-amyloid cleaving enzyme
(BACE1 or β-secretase) (2, 3) and γ-secretase (4). In addition,
APP is also cleaved by an activity termed R-secretase (5, 6).
Cleavage by R-secretase and cleavage by BACE1 appear to be
mutually exclusive (7), and proteolysis by either is a prerequisite
for γ-cleavage (8). BACE1 acts at two sites, producing 99- or 89-
amino acid C-terminal fragments (CTF) (2), and R-cleavage
creates an 83-residue CTF (6). All three CTFs serve as substrates
for γ-secretase, a unique protease composed of at least four
transmembrane proteins [presenilin, nicastrin, anterior pharynx-
defective 1 (Aph-1), and presenilin enhancer 2 (Pen-2)] that is
capable of cleaving within protein domains buried deep in the
hydrophobic environment of the membrane (9, 10). γ-Processing

of APP occurs in a stepwise fashion (11), with the first cleavage
(ε-cleavage) releasing the 49-50-residue APP intracellular C-
terminal domain (AICD) (12-14). The second cleavage occurs
six residues C-terminal of AβVal40 and is termed the ζ-site
(15, 16). The final cut occurs at the γ-site and gives rise to Aβ or
p3, the most common forms of which are Aβ40 and p340.
The consequence of this series of γ-mediated reactions is the
equimolar production of Aβ and APP ICD (17).

Therapeutic inhibition of either BACE1 or γ-secretase
should prove useful for the treatment of AD, and these are areas
of intense research. However, developing effective inhibitors
presents a serious challenge (18-20). In the case of therapeutic
targeting of γ-secretase, perhaps the biggest obstacle is the
fact that γ-secretase is known to process at least 40 other
substrates (21, 22), many of which mediate important physiolo-
gical functions. γ-Secretase activity is essential both for
proper development and during adulthood; complete ablation
of γ-secretase activity by either chemical or genetic manipula-
tion is to be avoided at all costs, since it would cause a blockade
of the Notch signaling pathway which would in turn lead to
numerous potentially lethal toxicities, including immunological
dysfunctions and gut dyshomeostasis (23, 24). Interestingly,
some nonsteroidal anti-inflammatory drugs (NSAIDs) and re-
lated compounds, collectively termed γ-secretase modulators
(GSMs), have the ability to shift the cleavage specificity of
γ-secretase, either increasing (25) or decreasing (26-28) the level
of production of the disease-associated Aβ42 without altering
cleavage of Notch (29) or ErbB-4 (27). However, how various
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GSMs affect the processing of other substrates has not been
established and could have potential liabilities, possibly interfer-
ing with important physiological pathways (30).

Of the known γ-substrates, amyloid precursor like protein 1
(APLP1) and 2 (APLP2) share the greatest degree of structural
similarity with APP and undergo proteolytic processing that
results in the liberation of ICDs, p3-like, and Aβ-like peptides
(13, 31-34). Thus, we reasoned that compounds capable of
discriminating between APP and APLP1 or APLP2 should also
be capable of discriminating between APP and other less related
γ-substrates. Moreover, genetic ablation studies have revealed
that APP and APLP2 have distinct physiological functions and
that APLP2 has the key physiological role among theAPP family
of proteins (35-37). While it remains uncertain that the ICDs of
APLP1 or -2 play an important transcriptional role (31, 38, 39),
prudence dictates that therapeutic inhibition of γ-secretase
should specifically target APP processing while sparing
cleavage of APLPs. Using cell culture and microsomal assays
to monitor processing of APP and APLPs, we have found that
the γ-secretase cleavage of APP and APLPs appears sufficiently
different to find molecules that can selectively block APP
processing. Specifically, APLP1 is a better substrate for
γ-secretase than either APLP2 or APP, and the γ-secretase
cleavage of APLP1 is less sensitive to inhibition by an NSAID-
like γ-secretase inhibitor (GSI), FT-9, than the γ-secretase
cleavage of either APP or APLP2. Identification of a compound
that inhibits γ-secretase processing of APP but which has little
effect on APLP1, coupled with our finding that the kinetics of
γ-secretase cleavage are different for each of the APP family
members, suggests that it should be possible to develop ther-
apeutic inhibitors that specifically target γ-secretase cleavage of
APP while sparing processing of other substrates.

EXPERIMENTAL PROCEDURES

Reagents. Restriction enzymes were from New England
Biolabs (Ipswich,MA). (2S)-2-{[(3,5-Difluorophenyl)acetyl]amino}-
N-[(3S)-1-methyl-2-oxo-5-phenyl-2,3-dihydro-1H-1,4-benzodia-
zepin-3-yl]propanamide (compound E) and N-[N-(3,5-difluoro-
phenacetyl)-L-alanyl]-S-phenylglycine tert-butyl ester (DAPT)
were gifts of M. Wolfe (Center for Neurologic Diseases), and
2-[3-(3,5-dichlorophenoxy)phenyl]propanoic acid (FT-9) was
synthesized as described previously (40). Both propan-2-yl
2-[4-(4-chlorobenzoyl)phenoxy]-2-ethylpropanoate (fenofibrate)
and 2-(3-fluoro-4-phenylphenyl)propanoate (R-flurbiprofen)
were from Sigma-Aldrich (Sigma-Aldrich Ireland Ltd., Dublin,
Ireland). All other chemicals were from Sigma-Aldrich (Sigma-
Aldrich Ireland Ltd.), and tissue culture reagents were from
Gibco (Invitrogen, Carlsbad, CA).
Constructs andTransfections.The coding sequences of full-

length wild-type human APP695, APLP1650, and APLP2751 were
PCR-amplified from existing constructs (41) using primers
designed to replace the stop codon with an AgeI restriction site:
APP F, gTACAAgCTTgCCATgCTgCCCggTTTggCACTgC-
TCC;APPR, gATCACCggTgTTCTgCATCTgCTCAAAgAAC;
APLP1 F, gTAAAAgCTTgCCATggggCCCgCCAgCCCCgCT-
gCT; APLP1 R, gATCACCggTgggTCgTTCCTCCAggAAgCg;
APLP2 F, gTAAggATCCgCCATggCggCCACCgggACCgCg;
APLP2 R, gATCACCggTAATCTgCATCTgCTCCAgg. PCR
products were cloned into the pcDNA4/myc-His vector
(Invitrogen) between HindIII and AgeI sites (for APP and
APLP1) or BamHI and AgeI sites (for APLP2), in frame with
a sequence encoding a six-His C-terminal tag present in the

plasmid, and the sequences of all constructs were verified. The
constructs were transfected into Chinese hamster ovary (CHO)
cells using Lipofectamine 2000 (Invitrogen), and monoclonal cell
lines stably expressing the gene of interest were produced by
limiting dilution into zeocin-containing medium. For each gene,
at least 13 different clones were tested for expression of the His-
tagged protein, and those with the closest matching expression of
full-length proteins were used in subsequent experiments.
Cultured Cells. CHO cells stably overexpressing His-tagged

APP (D4G), APLP1 (D7G), and APLP2 (D7F) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS), 6 mM glutamine, 100 units/mL
penicillin, 100 μg/mL streptomycin, 10 μg/mL L-proline, and
250 μg/mL zeocin (Invitrogen).
ICD in Vitro Generation (ICDivg) Assay. Cells were

grown to confluence in 10 cm dishes (Sarsted, N€umbrecht,
Germany), such that one dishwould provide enoughmicrosomal
membranes for one experimental condition. Confluent cells were
washed twice with 5 mL of ice-cold phosphate-buffered saline
(PBS), scraped into 600 μL of hypotonic lysis buffer [10 mM
MOPS (pH 7) containing 10 mM KCl 5 mM EDTA, 1 mM
EGTA, 120 μg/mL Pefabloc, and 2 mM 1,10-phenanthroline]
and homogenized on ice with 30 passes of aDounce homogenizer
at 6000 rpm. The resultant suspension was centrifuged at 1000g
and 4 �C for 15 min to remove nuclei and cell debris, and
microsomes were isolated from the postnuclear supernatant by
centrifugation at 16000g and 4 �C for 40 min. The microsomal
pellet was resuspended in 40 μL of assay buffer [150 mM sodium
citrate (pH 6.8) containing 5 mM EDTA, 1 mM EGTA, 2 mM
1,10-phenanthroline, and 250 μg/mL human recombinant
insulin (41-43)] containing test compound in dimethyl sulfoxide
(DMSO) or vehicle alone. In all cases, the concentration of
DMSOwas kept constant at 1% (v/v). Samples were incubated in
awater bath at 37 �C for 0-160min, after which theywere placed
at -20 �C to stop the reaction. Subsequently, samples were
thawed on ice and centrifuged at 150000g and 4 �C for 75 min in
an Optima centrifuge using a TLA55 rotor (Beckman Coulter,
Fullerton, CA). The upper 35 μL of the supernate was collected,
snap-frozen in liquid nitrogen, and reduced to dryness in an
Eppendorf concentrator (Eppendorf, Hamburg, Germany) at
room temperature for 1 h. Each concentrate was then reconsti-
tuted in 14 μL of 1� tris-tricine sample buffer [62.5mMTris-HCl
(pH 6.8), 10% glycerol, and 2% SDS] and boiled at 100 �C for
10 min. To maximize the detection of ICDs produced at early
time points and to minimize pipetting errors, the entire sample
was loaded in a single well of a precast Novex 10 to 20%
polyacrylamide tris-tricine gel, and samples were electrophoresed
and transferred as described below.
Compound Treatments and Whole Cell Lysates. Cells

were seeded in six-well plates at a density of 600000 cells/well
(Greiner Bio-One, Frickenhausen, Germany), grown to conflu-
ence, and then cultured overnight (∼14 h) in the presence of test
compound or vehicle. The following day, cells were washed twice
with 2mL of ice-cold PBS per well and lysed using 100 μL of lysis
buffer [50 mM Tris base (pH 7.6), 150 mM NaCl, 2 mM
EDTA, and 2% NP-40, containing 5 μg/mL leupeptin, 5 μg/
mL aprotinin, 2 μg/mL pepstatin, 120 μg/mL Pefabloc, and
2mM1,10-phenanthroline] per well. Protein concentrations were
measured using a BCA protein assay kit (Pierce, Rockford, IL),
and equal amounts of proteins were used for immunoblotting.
Western Blot Analysis. ICDivg samples were electrophor-

esed on precast Novex 10 to 20% polyacrylamide tris-tricine gels
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(Invitrogen), while cell lysates were analyzed on precast Nu-
PAGE 4 to 12% polyacrylamide bis-tris gels using MES running
buffer (Invitrogen) or 10% polyacrylamide tris-glycine gels (44).
Proteins were transferred onto nitrocellulose (0.2 μm pore size,
Sigma-Aldrich Ireland Ltd.) at a constant rate of 400 mA and
4 �C for 2 h. Membranes were then blocked for 1 h at room
temperature with 5% skim milk (Fluka, Sigma-Aldrich Ireland
Ltd.) in Tris-buffered saline containing 0.05%Tween 20 (TBST),
washed twice for 10 min with TBST to remove traces of blocker,
and incubated overnight with primary antibodies diluted in
TBST containing 5% skim milk or 3% bovine serum albumin.
After incubationwith primary antibodies, blotswerewashed four
times for 15 min with TBST, incubated with appropriate HRP-
linked secondary antibodies (Amersham, GE Healthcare, Chal-
font St. Giles, U.K.) for 1 h at room temperature, washed as
described above, and visualized using an ECL kit (Pierce) and
Hyperfilm MP (Amersham, GE Healthcare).
Antibodies. Novel rabbit polyclonal antibodies W1NT,

W1CT, and W2CT were raised to synthetic peptides encoding
regions of the APLP1 ectodomain (EPDPQRSRRCLRDPQR)
and C-terminal domain (NPTYRFLEERP) and the APLP2
C-terminal domain (NPTYKYLEQMQI), each of which was
conjugated to keyhole limpet hemocyanin via an N-terminal
cysteine. The specificity of these antibodies was confirmed
using cells overexpressing APLP1 or APLP2 and brain homo-
genates from mice null for APLP1 or APLP2 (not shown).
Monoclonal antibody 22C11 (Chemicon, Millipore, Billerica,
MA), which recognizes the N-terminus of APP, and the poly-
clonal antiserum C8, which recognizes the C-terminus of APP
(a gift of D. Selkoe, Center for Neurologic Diseases), and D2-II
(hereby termed 2NT), which recognizes the ectodomain of
APLP2 (Calbiochem, EMD Chemicals Inc., Gibbstown, NJ),
have been described previously (45-47). Monoclonal antibody
TetraHiswas fromQiagen (Crawley,U.K.). Anti-nicastrin (NCT
164) and anti-presenilin 1 CTF (MAB 5232) antibodies were a
kind gift of P. Fraering (�Ecole Polytechnique F�ed�erale de
Lausanne, Lausanne, Switzerland).
Data Analysis. Band intensities were quantified using Scion

Image (Scion Corp., Frederick, MD), and data were analyzed
using two-way ANOVA (GraphPad Prism, GraphPad Software,
La Jolla, CA).

RESULTS

Selection and Characterization of Cells Stably Expres-
sing APP, APLP1, and APLP2. Since the primary sequences
of CTFs, the actual substrates of γ-secretase, have not yet been
unambiguously described for APLP1 and APLP2, we have
prepared cell lines stably expressing full-length human versions
of the respective proteins, so that CTFs could be produced by
endogenous R- and β-secretase activities. To be able to use a
single antibody for the simultaneous detection of each protein,
constructs expressing a C-terminal six-His tag were employed,
thus obviating differences arising due to the use of three different
antibodies with different avidities and affinities. A total of 13
APP-His, 18APLP1-His, and 33APLP2-His cloneswere isolated
and analyzed. Lysates of each of the 64 clones were tested for
expression of exogenous protein, and the three clones showing
the closest matching levels of full-length protein (clones D4G,
D7G, and D7F) were used in subsequent experiments (Figure 1
of the Supporting Information).

In cells expressing untagged APP, bands migrating at ∼100
and ∼93 kDa, which correspond to the mature and immature

forms of APP, respectively, were detected using 22C11 and C8,
but not TetraHis (Figure 1a, top panels). As expected, cells

FIGURE 1: C-Terminal six-His-taggedAPP, APLP1, and APLP2 are
expressed and processed in a manner highly similar to that of
untagged proteins. Lysates from selected clones of cell lines expres-
sing APP-His, APLP1-His, and APLP2-His (clones D4G, D7G, and
D7F, respectively) were comparedwith lysates of cell lines expressing
untagged versions of the same proteins (clones 1B1, 4H9, and 4B6 for
APP, APLP1, and APLP2, respectively) and with a lysate of naı̈ve
CHO cells. Lysates were analyzed with a panel of antibodies recog-
nizing either an epitope lying in the N-terminal ectodomain (22C11
for the APP N-terminus, W1NT for the APLP1 N-terminus, and
D2-II for the APLP2 N-terminus), an epitope located at the very
C-terminus (C8 for the APP C-terminus, W1CT for the APLP1
C-terminus, and W2CT for the APLP2 C-terminus), or an antibody
specific for the six-His C-terminal tag (Tetra-His). (a-c) Full-length
proteins (top panels) are indicated by arrows (m, mature form;
i, immature form), while CTFs (bottom panels) are indicated by
arrowheads.
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expressing His-tagged APP produced bands of ∼100 and ∼93
kDa that were detected by all three antibodies. Interestingly, His-
tagged APP is less well detected by C8 than untagged APP,
probably resulting from partial disruption of the C8 epitope
because of its proximity to the six-His tag. However, detection of
APP with 22C11, which recognizes an epitope in the N-terminal
portion of the protein and thus is unaltered by the six-His tag,
revealed that APP expression is similar between the two cell lines
(Figure 1a). Both untagged and taggedAPP generated twomajor
CTF bands (Figure 1a, bottom panels). The untagged CTFs had
calculated molecular masses of ∼11.5 and ∼9.1 kDa, while the
corresponding six-His-tagged CTFs had slightly higher calcu-
lated molecular masses of ∼13.2 and ∼10.9 kDa, respectively
(Figure 1a, bottom panels). This difference is most probably due
to a combination of additional mass (0.93 kDa) and positive
charge.

The pattern for tagged and untagged full-length APLP1 and
APLP2 was similar to that seen with APP (Figure 1b,c, top
panels). Cells expressing APLP1 and APLP1-His produced
bands of ∼90 and ∼83 kDa, each of which was detected by

W1NT; the tagged protein was detected by TetraHis but not
W1CT, and the untagged protein was detected byW1CT but not
TetraHis (Figure 1b, top panels). Again, tagged APLP1 cannot
be detected with W1CT probably because of disruption of the
W1CT epitope, which lies at the veryC-terminus of APLP1, close
to the six-His sequence. However, APLP1 detection with W1NT
indicated that the levels of tagged and untagged full-length
APLP1 were similar (Figure 1b). In cells expressing APLP2, a
prominent band migrating at∼93.2 kDa was detected with 2NT,
and as expected, the His-tagged protein was also detected by
W2CT and TetraHis whereas the untagged protein was not
detected by TetraHis (Figure 1c, top panels). For both tagged
and untaggedAPLP2, a specific smear likely indicative of various
post-translational modifications (47) was detected. As was the
case for APP-His and APLP1-His, APLP2-His was also less
well detected than its untagged counterpart when a C-terminal
antibody was used, and use of an antibody directed to the
N-terminal ectodomain provided evidence that the levels of
full-length APLP2 and full-length APLP2-His were similar.
The electrophoretic migration of full-length APP family proteins

FIGURE 2: Characterization of the ICDivg assay. Microsomes derived from APP-His-, APLP1-His-, and APLP2-His-expressing cells were
incubated for different amounts of time and ICD levels measured by immunoblotting. Representative Western blots and calculated curves
describing the timedependencyof ICDproduction for each cell line are shown (a-c).Values are given as the percentageof ICDproduction,where
100%is set to respectivemeanplateau levels. Each experimental point is themeanof at least six independent experimentswithduplicate samples in
each experiment. APLP1 ICDs (dashed-dotted line with gray squares) are produced faster than both APLP2 ICDs (solid line with black
diamonds) andAPP ICDs (dashed linewith open circles) (d). The initial velocity (v0) for theγ-secretase activity of the three substrates and the time
required to achieve half of the maximal amount of ICD produced (1/2tmax) are indicated (d). Lysates of microsomes at time zero and after an
incubation for the respective 1/2tmax were analyzed for the γ-secretase components PS1 CTF and nicastrin (e), and for the levels of the respective
CTFs using TetraHis antibody (f). Neither the levels of γ-secretase nor CTFs changed significantly during the course of the reaction.
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on tris-tricine and tris-glycine polyacrylamide gels differed sig-
nificantly with molecular masses estimated from tris-glycine gels
(∼108 and ∼100 kDa for APP, ∼92 and ∼82 kDa for APLP1,
and ∼99 kDa for APLP2) higher than those determined using
tris-tricine gels (Figure 1 of the Supporting Information) and
more in keeping with those reported previously (41).

Both untagged and tagged APLP1 generated a single CTF
(Figure 1b, bottom panels), migrating at ∼9.5 and ∼11.2 kDa,
respectively. The untagged CTF could be detected only by using
the W1CT antibody, while the tagged CTF was detected only by
using the TetraHis antibody. Processing of untagged and tagged
APLP2 was also similar with four major CTF bands detected in
each (Figure 1c, bottom panels). Untagged APLP2 CTFs were
detected migrating at ∼14.5, ∼11.9, ∼10.3, and ∼9.6 kDa, while
tagged APLP2 CTFs migrated slightly slower, producing mole-
cular mass estimates of ∼15.5, ∼13.0, ∼11.1, and ∼ 10.6 kDa.
Production of APLP1 ICD Is Faster Than That of

APLP2 ICD and APP ICD. Microsomes from each cell line
were incubated at 37 �C for 0-160min, and the soluble phasewas
analyzed by Western blotting (Figure 2a-c). For each cell, line a
single band migrating at∼7 kDa was detected, the production of
which was time-dependent, with the initial reaction velocities (v0)
different for each of the three proteins (Figure 2d). ICD produc-
tion was faster from APLP1 (v0 = 23.7% ICD/min) than from
either APLP2 (v0 = 9.7% ICD/min) or APP (v0 = 3.6% ICD/
min). Consequently, the plateau level was reached faster for
APLP1 ICD production than for APLP2 or APP production.
The time required to achieve half of the maximum amount of
ICD produced, 1/2tmax, was 3 min for APLP1, 9 min for APLP2,

or 22 min for APP (Figure 2d). The observed differences in the
rates of ICD production were confirmed in additional experi-
ments using other APP-His-, APLP1-His-, and APLP2-His-
expressing clones (not shown). Moreover, these differences were
not due to variance in the levels of the γ-secretase complex in the
different cell lines, since the levels of markers of active γ-secretase
[PS1 CTF andmature nicastrin (48, 49)] were similar for all three
cell lines (Figure 2e), and these remained constant during the
course of the assay (Figure 2e). Further, the plateau in ICD
production seen for all three proteins is not a result of substrate
exhaustion, since the levels of CTFs remained high throughout
the reaction (Figure 2f).

To exclude differences resulting due to the addition of the
six-His tag, we also conducted pilot studies using cell lines
expressing untagged human wild-type APP695 and untagged
human APLP1650. These experiments revealed results highly
similar to those obtained for the tagged proteins (for untagged
APP, 1/2tmax = 20.5 min and v0 = 3.7 ICD/min; for untagged
APLP1, 1/2tmax = 3.7 min and v0 = 20.2 ICD/min) (compare
Figure 2a,b,d with Figure 4a of the Supporting Information).
Direct Inhibition of γ-Secretase Affects the Production

of ICDs from APP-His, APLP1-His, and APLP2-His
CTFs Similarly. Having optimized the conditions of our
assay, we next examined the effect of GSIs and GSMs on the
production of APP, APLP1, and APLP2 ICDs. First, we tested
two structurally and pharmacologically distinct GSIs: com-
pound E, a potent, non-transition state, non-competitive pepti-
domimetic inhibitor (50, 51), and DAPT, a peptidomimetic ac-
tive site-directed inhibitor (52, 53). Compound E caused a

FIGURE 3: Dose-dependent inhibition of γ-secretase cleavage of APP, APLP1, and APLP2. γ-Secretase processing of APP (dashed line with open
circles),APLP1 (dashed-dotted linewithgray squares), andAPLP2 (solid linewithblackdiamonds) are similarly inhibitedby compoundE (a) and
DAPT (b). Microsomes of each cell line were incubated for the appropriate 1/2tmax with different concentrations of inhibitor, and ICD levels were
measured. For each compound, the molecular structure, representative Western blots, and calculated inhibition curves are shown. Each
experimental point is expressed as the mean of at least four independent experiments with duplicate samples at each dose ( the standard error.
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dose-dependent inhibition of ICD production, starting at
low nanomolar concentrations, with the extent of inhibition
similar for all the substrates considered (Figure 3a). The calcu-
lated concentrations needed to achieve 50% inhibition (IC50) of
γ-secretase processing of APP,APLP1, andAPLP2were 5.0, 5.3,
and 5.3 nM, respectively. Moreover, given that compound E is a
highly selective inhibitor, these results are further evidence that
the ∼7 kDa immunoreactive bands detected are genuine γ-
secretase-generated ICDs. As with compound E, DAPT showed
a dose-dependent inhibition of ICDproductionwith the extent of
inhibition almost identical for APP, APLP1, and APLP2. The
calculated IC50 values for inhibition of γ-secretase cleavage of

APP, APLP1, and APLP2 were 83.1, 95.7, and 82.7 nM,
respectively (Figure 3b).
Fenofibrate Does Not Inhibit γ-Secretase Cleavage of

APP-His, APLP1-His, and APLP2-His. NSAIDs have
been reported to act as γ-secretase modulators both in vitro
and in vivo (25, 26, 29). In particular, some NSAIDs have
been shown to increase the level of Aβ42 while others were
reported to decrease Aβ42 levels; in both cases, the total Aβ was
virtually unchanged (26, 54). We decided to test the effect of two
NSAIDs: one that is known to decrease the level of Aβ42
production and the other that is known to increase the level of
Aβ42 production.

FIGURE 4: Aβ42-loweringGSMsdifferentially inhibit γ-secretase cleavage of some substrates.Microsomes of each cell line were incubated for the
appropriate 1/2tmax with different concentrations of test compound, and ICD levels were measured. For each compound, themolecular structure,
representative Western blots, and calculated inhibition curves are shown. Each experimental point is expressed as the mean of at least four
independent experiments with duplicate samples at each dose ( the standard error. All compounds were tested in the range between 100 and
500 μM; higher concentrations were not possible because of solubility issues. Fenofibrate did not inhibit ICD production in the concentration
range examined (a).R-Flurbiprofen showed a weak inhibitory effect onAPP andAPLP2 but did not alter APLP1 ICDproduction (b). FT-9 acts
as a γ-secretase inhibitor, causing similar dose-dependent inhibition of the γ-secretase cleavage ofAPP andAPLP2, but has a less potent effect on
γ-secretase processing of APLP1 (c). Key: dashed line with open circles for APP, dashed-dotted line with gray squares for APLP1, and solid line
with black diamonds for APLP2.
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Fenofibrate is a GSM that increases the level of production of
Aβ42 and correspondingly reduces the level of production of
Aβ38, while leaving the levels of Aβ40 almost unchanged (25).
Even at very high concentrations (500 μM), fenofibrate did not
inhibit γ-secretase, and ICD production from APP, APLP1,
and APLP2 was unaffected by this compound (Figure 4a).
R-Flurbiprofen exerts γ-secretase modulatory effects opposite
from those of fenofibrate, reducing Aβ42 levels while causing a
corresponding increase in Aβ38 levels (54). Concentrations of R-
flurbiprofen ofg200 μMcaused a significant decrease in the level
of γ-cleavage of APLP2, and at very high concentrations, R-
flurbiprofen weakly inhibited γ-secretase processing of APP but
γ-secretase cleavage of APLP1 was unaffected by R-flurbiprofen
(Figure 4b).
ACompound Structurally Related to Fenofibrate, FT-9,

Is a Partially Selective γ-Secretase Inhibitor in both
Microsomes and Whole Cells. Encouraged by the small but
significant differential effects of R-flurbiprofen, we investigated
the effects of another Aβ42-reducing GSM, FT-9 (40). At
concentrations of g100 μM, FT-9 behaves as a GSI, decreasing
ICD production of all three ICDs (Figure 4c). Strikingly, the
inhibitory effect wasmuch stronger for APP andAPLP2 than for
APLP1. At the highest concentration tested (500 μM), FT-9
caused a 70-75% reduction of both APP and APLP2
ICDs, while production of APLP1 ICDs was only reduced
by ∼38% [P < 0.0001 (Figure 4c)]. The IC50 values against
APP ICD and APLP2 ICD were ∼260 μM, whereas the

estimated IC50 against APLP1 ICD was almost 3 times greater.
To exclude possible artifacts arising from the use of a single clonal
line, we tested the effects of FT-9 on other APP-, APLP1-, and
APLP2-expressing cells, and in these experiments, we again
observed the same effect: FT-9 caused a more robust inhibition
of APP and APLP2 cleavage than APLP1 cleavage. Similarly,
when we examined the effect of FT-9 on microsomes from cells
expressing untagged APP or untagged APLP1, we again found
that FT-9 more potently inhibited γ-secretase processing of APP
(Figure 4b of the Supporting Information).

Following this, we tested the effect of FT-9 on intact cells,
comparing it to the effect of the nonselective GSI, compound
E (Figure 3a). Cells expressing APP-His and APLP1-His were
grown to confluence and treated overnight (14 h) with different
concentrations of FT-9 or compound E. Consistent with results
seen using the ICDivg assay, both FT-9 (Figure 5a,b, top
panels) and compound E (Figure 5a,b, bottom panels) induced
a dose-dependent buildup of CTFs of both proteins. Interest-
ingly, FT-9 caused accumulation of APP CTFs at concentra-
tions as low as 5 μM, while accumulation of APLP1 CTFs was
only significant at g20 μM (Figure 5a,b, top panels, and
Figure 5c). Accordingly, the concentration of FT-9 required
to cause a 2-fold increase in APP CTFs, 3.4 ( 0.4 μM,
was significantly lower than that for APLP1 (25.7 ( 8.9 μM)
(P=0.001). On the other hand, compound E similarly inhibited
processing of both substrates at each dose tested, and the
concentration needed for a 2-fold increase in the magnitude of

FIGURE 5: FT-9 preferentially inhibits γ-processing of APP in intact cells. Cells were treated overnight with subtoxic concentrations of FT-9 or
compound E, and lysates were analyzed byWestern blotting with TetraHis antibody (a and b). A dose-dependent accumulation of CTFs can be
seen in the two cell lines for both compounds (a and b). Quantitation of the CTFs levels demonstrates that FT-9 preferentially inhibits γ-secretase
processing ofAPP (c), whereas compoundE has no preferential effect (d). Results are presented as themeans of at least threemeasurements( the
standard error, with the fold increase inCTFs levels determined by comparison of theCTFs detected in the vehicle control. An asterisk indicates a
significant difference in the fold of increased APP and APLP1 CTFs (P g 0.05).
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the CTF band signal was not significantly different, being 0.27(
0.01 nM for APP versus 0.24( 0.22 nM for APLP1 (Figure 5a,b,
bottom panels, and Figure 5d). As with the microsome assay, the
different effect of FT-9 was also confirmed in other clones
expressing APP-His and APLP1-His (Figure 2 of the Supporting
Information).

DISCUSSION

Numerous epidemiologic studies have shown that chronic
treatment with NSAIDs is associated with a decreased risk of
developingAD (55, 56) and that someNSAIDs canmodulate and/
or inhibit γ-secretase cleavage of APP (25, 26, 29). Consequently,
this has led to speculation that NSAIDs maymodify development
of AD by decreasing the level of production of Aβ42 (30).
However, initial clinical trials of the GSM, R-flurbiprofen, have
proved to be disappointing (57). Although the reason for the
failure of R-flurbiprofen is probably linked to the poor brain
penetrance of this compound (57), optimization of NSAID-like
GSMs/GSIs is essential prior to further testing in humans.

Since genetic or chemical ablation of γ-secretase inmice results
in thymocyte and gastrointestinal toxicities (23, 24) associated
with defective cell differentiation, most studies on the potential
side effects of GSIs and GSMs have focused on Notch, yet it is
possible that certain compounds may cause secondary toxicity
by altering the processing of other γ-substrates. Given that
the number of γ-substrates identified now stands in excess of
40 (21, 22, 58, 59) and that it is likely that still more substrates will
be discovered, it is impractical to screen compounds for their
effects on all γ-substrates. Thus, a pragmatic approach would be
to perform an initial specificity screen comparing modulation of
γ-processing ofAPP versus those substrates most similar toAPP.
The three members of the APP family of proteins (APP, APLP1,
and APLP2) are processed by the same set of proteases (32, 33,
60-63), share a high degree of structural similarity, and exhibit
comparable regional and cellular distributions in the brain (64).
Moreover, the highly similar transmembrane domains and
protein sequences surrounding the ε-cleavage site (Figure 3 of
the Supporting Information), allied with the finding that all three
proteins have similar brain interactomes (65) and are capable of
forming heterodimers (66), indicate that analysis of APLPs
should provide a useful first-round screen to determine the
specificity of GSIs/GSMs for APP.

Knockout studies indicate that both APLP1 and APLP2 have
important physiological functions (36, 37, 67), and several
reports have suggested that γ-secretase-produced APLP1 ICD
and APLP2 ICD are involved in transcriptional regulation
(31, 68). In addition, a series of studies have demonstrated that
APLP1 and APLP2 can compensate for the loss of APP (36, 69).
Thus, it would be clearly beneficial to maintain normal APLP
expression in the face of pharmacological manipulation of APP
to ameliorate any negative effects resulting from changes in APP
processing.

γ-Secretase cleavage of APP involves successive proteolysis at
three major sites designated ε, ζ, and γ (2, 4, 15). In this study, we
investigated the effect of known GSIs and GSMs on the initial
γ-secretase cleavage that occurs at the ε-site and results in the
liberation of APP ICD. Thus, our focus was on the ε-site which
shows 100% similarity amongAPP,APLP1, andAPLP2 (Figure
3 of the Supporting Information) and not on the GxxxG motif
believed to regulate homo- and heterodimerization of APP
(66, 70, 71) and binding of GSMs (40). Using a microsomal
ICDivg assay, we found that the kinetics of γ-secretase cleavage

are different for each APP family member, with APLP1 ICDs
produced significantly faster than either APLP2 ICD or APP
ICD. These differences in ICD production rates could not be
explained by the variance in the γ-secretase levels in the different
cell lines used and therefore appear to reflect innate differences in
substrate specificity. In this regard, it is interesting to note that
the sequences surrounding the ε-cleavage site are highly similar
for all three APP family members (Figure 3 of the Supporting
Information), thus suggesting that other substrate recognition
parameters [e.g., differences in cellular localization (66)] must
also influence cleavage at the ε-site. Our ability to discern
differences in the preference of γ-secretase for substrate was only
evident from time course analysis, whereas in experiments
employing a fixed 2 h incubation period, it is not possible
to see such effects (40, 41). Therefore, in studies of GSIs and
GSMs, we used incubation times when ICD production was still
linear, i.e., 1/2tmax.

As expected, the active site-directed GSIs, compound E and
DAPT, strongly inhibited γ-secretase processing of all three
proteins, yielding virtually identical dose-dependent inhibition
profiles. These results are in keeping with prior reports that these
GSIs similarly inhibited γ-processing of APP, Erb4, and
Notch (72). Indeed, given that these GSIs are known to directly
target the active site of γ-secretase, one would expect near-
identical inhibition of all γ-substrates.

In contrast, both fenofibrate and R-flurbiprofen have been
shown to modulate γ-secretase cleavage of APP by binding
to a region within residues 28-36 of the Aβ domain and
directly altering cleavage at a site that is just four to six
residues from the putative GSM binding site (40). Since the
ICDivg assay employed in this study measures cleavage at the
ε-site, some 13-15 residues C-terminal to the γ-site, it was
not surprising that these compounds had little or no effect
on ICD release. Indeed, even at 500 μM fenofibrate did not
alter ICD release. However, an earlier report had found that
fenofibrate could inhibit APP ICD release (25); however,
that study used microsomes from cells that expressed APP
bearing the Swedish and London familial AD mutations, and
other studies have indicated that familial AD mutations in the
transmembrane domain of APP alter γ-secretase cleavage
specificity and how GSMs interact with APP (29, 70) and that
such effects are not relevant to wild-type APP. The results for
R-flurbiprofen were in contrast to those obtained with fenofi-
brate, with a small but significant inhibition of both APP and
APLP2 processing at g400 μM R-flurbiprofen.

This modest differential effect encouraged us to test another
Aβ42-lowering compound, FT-9 (40). At concentrations ofg100
μM, FT-9 caused a dose-dependent inhibition of APP and
APLP2 ICD release. APLP1 ICD production was also inhibited,
but the extent of inhibition was much lower than for either APP
orAPLP2 ICDs. Thus, under the conditions tested, FT-9behaves
as a GSI that can differentially inhibit APP and APLP1 γ-
secretase cleavage. To confirm the veracity of these findings in a
more physiological setting, we used cultured cells that express
APP or APLP1 and conducted dose-dependent experiments
using subtoxic concentrations of FT-9, with compound E as a
non-selective GSI control. As expected for GSIs, compound E
and FT-9 caused a dose-dependent accumulation of APP and
APLP1 CTFs. However, while the buildup of CTFs caused by
compoundEwas similar forAPP andAPLP1 at each dose tested,
FT-9 displayed a more differential inhibitory effect. Specifically,
as little as 5 μMFT9 caused a significant increase in APP CTFs,
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whereas concentrations of g20 μM were required to induce
significant accumulation of APLP1 CTF.

Thus, as in the ICDivg assay, FT-9 preferentially inhibited
γ-secretase cleavage of APP over APLP1 in living cells, establish-
ing the precedent that a GSI can preferentially target APP
processing while sparing other γ-substrates. Although this effect
did not extend to APLP2, the γ-substrate most similar to APP,
these findings offer hope that selective, therapeutically useful
GSIs can be developed. Consequently, we suggest that screening
for selective inhibitors should begin with a first-round compar-
ison of effects on APP and APLPs, and those identified to be
specific tested for their effect on other γ-secretase substrates
whose loss is known to cause overt toxicity.
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